The secreted signal Slit and its three receptors, Robo1-3, regulate axon guidance in the Drosophila nervous system. Differences in expression and structure of Robo paralogs contribute to diversifying growth cone responses to a common ligand.
How neurons form precise patterns of synaptic connections remains a fascinating problem in developmental neurobiology. A key step in this process is the guidance of axons to their targets. Specific cells in the developing embryo produce signals that guide growth cones -sensorimotor structures at the leading edge of extending axons -via a sequence of steps, thereby defining their trajectories through the embryo. Receptors on the surface of growth cones respond to these signals by converting them to changes in motility. A specific signal may act as an attractant, a repellent or both in different neurons. This diversity of responses may be the result of the expression of different receptors or different receptor combinations for the same ligand [1] . A recent pair of provocative papers [2, 3] from the Dickson and Bashaw laboratories, the latter in Current Biology, explores the function of three Roundabout (Robo) receptors in the Drosophila embryo and provides new insights into how receptor diversity contributes to the assembly of neural circuits.
The Drosophila genome encodes three different transmembrane receptors of the immunoglobulin superfamily, known as Robos, that bind the secreted guidance signal Slit ( Figure 1A ). The founding member of the Robo family, here referred to as Robo1, was discovered by the Goodman laboratory in a genetic screen for axon guidance mutants in the ventral nerve cord of the embryonic nervous system [4] . The ventral nerve cord is a bilateral structure with longitudinal axon tracts that run along the anterior-posterior axis on either side of the midline. In wild-type embryos, about 90% of the axons of the ventral nerve cords of the CNS cross the midline, thereby forming commissures, and then extend longitudinally, remaining on the contralateral side ( Figure 1B) . Once commissural axons cross the midline, Robo1 prevents re-crossing by promoting repulsion in response to Slit, produced by cells at the midline. Thus, in robo1 mutants, commissural axons cross to the contralateral side as in wild type, but frequently re-cross. As a consequence, rather than appearing as a ladder-like structure with longitudinal tracts punctuated by evenly spaced commissures, the CNS comprises a series of swirls, which look like roundabouts on roadways as axons cross and re-cross within segments -hence, the mutant name 'roundabout' or 'robo' for short ( Figure 1C) .
While Robo1 plays a central role in regulating midline crossing, studies from the Goodman and Dickson labs [5] [6] [7] [8] argued that two other Robo homologs, Robo2 and Robo3, conspired with Robo1 to act in a combinatorial fashion to determine the medial to lateral position of longitudinal axon tracts in response to their common ligand, Slit, expressed at the midline. This became known as the 'Robo code' model and was supported by both gain-and loss-of-function genetic studies. Growth cones expressing different Robo receptor combinations select different tracts ( Figure 1B) . Axons in the lateral tract would be most sensitive to Slit, whereas those in the medial tract would be least sensitive. Structural differences between the Robo receptors altering ligand binding, activation of downstream signaling pathways or both were proposed to endow them with different responses to Slit.
For the new studies [2, 3] the Dickson and Bashaw labs sought to determine how different Robos contribute to wiring by altering their expression patterns and assessing the function of chimeras comprising domains from different Robo receptors. The Bashaw lab [2] used the traditional approach of examining the phenotypic consequences of expressing different Robo cDNAs in specific populations of cells using the GAL4/UAS system. While this approach has the advantage of allowing analysis of effects in discrete populations of neurons, maintaining comparable levels of mRNA expression in different lines is inherently problematic since the UAS transgenes are inserted in different locations. In contrast to the Bashaw study, however, the Dickson lab [3] assessed the function of the three Robo receptors by testing their function under the control of the endogenous Robo transcriptional regulatory sequences. This was done either through homologous recombination (e.g. placing the coding sequences of robo2 into the robo1 locus) or through targeted insertion of genomic constructs into defined positions within the genome. In the latter studies, the Dickson lab inserted genomic constructs encoding chimeric receptors into a single defined site in the genome using the 4C31 site-specific recombinase system. By examining the function of each construct located in the same genomic position, the authors largely circumvented the limitations associated with overexpressing cDNAs from transgenes expressed in different genomic locations. In both studies, the consequences of expression of receptors in cells in which they are not normally expressed were assessed. Interpreting these results is problematic, as different neurons may express different modifiers of Robo function or downstream signaling molecules, and thus, may generate outcomes that do not accurately represent the normal function of different Robo receptors.
The Dickson lab demonstrated [3] that neither Robo2 nor Robo3 can substitute for Robo1 in controlling midline repulsion. Indeed, the defects observed in embryos in which robo2 or robo3 coding sequences were knocked in to the robo1 locus were indistinguishable from defects seen in robo1 mutants alone. Furthermore, the precise spatial and temporal expression of Robo1 was shown to be crucial for midline repulsion, as expression of Robo1 from the Robo2 locus in robo1 mutant embryos did not restore midline repulsion. Using chimeric proteins consisting of parts of Robo1 and Robo2, the Dickson lab mapped the midline repulsion function of Robo1 to its cytoplasmic domain.
Analysis of the robo3 knock-in alleles provided a definitive test of the Robo code for longitudinal pathway choice, as the robo3 mutant phenotype is largely restricted to disrupting this feature of axon guidance. In robo3 mutant embryos, intermediate longitudinal axon fascicles are shifted medially ( Figure 1D ). Strikingly, knocking in either robo1 or robo2 into the robo3 locus completely rescues the medial repositioning phenotype seen in robo3 mutants. Thus, in this instance, changing the 'Robo code' does not result in a change in lateral pathway choice.
Ectopic expression studies from Evans and Bashaw [2] reinforce the notion that lateral pathway choice does not reflect a combinatorial association of Robo receptors with different biochemical features. In previous experiments it had been shown that misexpression of Robo3 in medial fascicles, in otherwise wild-type embryos, shifts these to intermediate tracts. Evans and Bashaw [2] now demonstrate that this repositioning is independent of robo1 and robo2. Similarly, Robo2 misexpression can laterally reposition medial axons even in robo1 or robo3 mutant embryos. The Evans and Bashaw study [2] , however, suggests that lateral pathway choice is not only a consequence of different patterns of Robo receptor expression, as lateral pathway selection was dependent upon unique features of Robo2's ectodomain (i.e. within the Ig1 and Ig3 domains).
Taken together, the Dickson and Bashaw studies [2, 3] make a compelling case that lateral positioning of the longitudinal axon tracts does not simply reflect a combinatorial 'Robo code'. Indeed, the Dickson paper [3] directly refutes the existence of such a code, demonstrating that Robo3-expressing axons in the embryo rely on shared structural features of all three Robos for intermediate pathway selection. The Evans and Bashaw paper [2] raises the important possibility that lateral pathway choice involves unique structural features of Robo receptors. Thus, while the selection of longitudinal pathways relies on different robo genes, they contribute to longitudinal tract formation in mechanistically different ways.
Perhaps most surprisingly, both groups [2, 3] report that Robo2 has a unique and previously undiscovered role in promoting midline crossing. Robo2, but neither Robo1 nor Robo3, promotes midline crossing. This Robo2 function is only revealed in embryos lacking the attractive midline ligands, Netrin A (NetA) and Netrin B (NetB). For instance, netAB;robo2 double mutant embryos lack commissures, but robo1;netAB or robo3;netAB mutants retain a significant number of commisures. The precise spatial and temporal expression of Robo2 is also vital for midline attraction as providing Robo2 from either the robo1 or robo3 locus is insufficient to restore midline attraction in netAB;robo2 mutant embryos. This attractive role for Robo2 is also supported by data in the report by Evans and Bashaw [2] , who demonstrate that misexpression of Robo2 in some contexts can facilitate midline crossing.
Future work must distinguish between at least three potential models that could explain the attractive role of Robo2 in midline crossing. In the first model, Robo2 binds to Slit and transduces an attractive signal allowing commissural axons to cross the midline. In the second model, Robo2 acts independently of Slit using a different, previously unidentified ligand to transduce an attractive signal. In a third model, Robo2 could act in cis to antagonize Robo1-mediated repulsion. Dickson and colleagues [3] report that their preliminary data supports an anti-Robo1 role for Robo2 in promoting midline crossing. If borne out by further analysis, this suggests that Robo2 -like its vertebrate counterpart Rig1 -and Drosophila Commissureless protein, promote midline crossing by antagonizing the repulsive function of Robo1 [9, 10] .
What are the unique structural properties of Robo2 that promote midline crossing? To address this question both the Bashaw and Dickson labs [2, 3] assessed the function of chimeric receptors to mediate this activity. Using a gene replacement approach, the Dickson lab [3] tested the ability of chimeras between Robo1 and Robo2 with swapped intra-and extracellular domains to rescue the midline attractive function observed in netAB;robo2 mutant embryos. Surprisingly, the proteins with the Robo2 intracellular domain exhibited little attractive function. By contrast, chimeras with the Robo2 ectodomain provided considerable, albeit incomplete, rescue. The Bashaw paper [2] also traced the attractive function of Robo2 to its extracellular domain and pinpointed the second Ig2 domain as a key determinant of this activity. Thus, if Drosophila Robo2's attractive function is to inhibit Robo1, just as Rig 1 inhibits Robo1 in vertebrates, it must do so in a mechanistically distinct fashion as Rig1 inhibition relies on cytoplasmic domain determinants [11] .
Ultimately, understanding how different Robo receptors work will require biochemical studies. The Evans and Bashaw paper [2] raises the intriguing possibility that different Ig domains confer upon Robo2 different functions. Longitudinal pathway choice relies on unique structural features of the Ig1 and Ig3 domains, while attraction depends upon Ig2. As a first step towards understanding how the structural features of Robo2's ectodomain contribute to its function, the Bashaw lab explored biochemical differences between the ectodomains of Robo1 and Robo2. They demonstrated that Robo1 binds Slit with a four-fold higher affinity than Robo2 while the ectodomain of Robo2, but not Robo1, can dimerize in a ligand-independent fashion. Using chimeric proteins, Bashaw [2] localized the Robo2 dimerization region to Ig3-5. As both the Ig1 and Ig3 domains can independently confer Robo2-like longitudinal pathway choice, it remains unclear how, or if, dimerization plays a critical role in this process. These remain early days in relating Robo2's biochemical properties to its functions in vivo. Presumably this will include further mutagenesis experiments using knock-in technology to ensure that altered proteins are expressed at the same level and in the same spatiotemporal pattern as the endogenous wild-type Robo2 protein.
And finally, how does Slit regulate the various Robo functions? Slit clearly plays a crucial role in regulating midline crossing [12] . Furthermore, misexpression of Robo2 in medial axons does not cause a lateral shift of these tracts in the absence of Slit, suggesting that lateral positioning of axon tracts is also Slit dependent. A gradient of Slit could presumably regulate both lateral positioning and attraction. However, there is no evidence, either genetic or physical, for a Slit gradient. We anticipate that the expanding genetic toolkit in Drosophila coupled with biochemical analysis will provide novel insights into Slit's function in controlling the diverse functions of Robo receptors in the fly embryo.
In summary, the Dickson and Bashaw papers [2, 3] underscore diverse ways that a family of cell surface receptors contributes to axon guidance. Distinct expression patterns of different Robo receptors coupled with structural dissimilarities lead to functional differences between them and confer on growth cones diverse behaviors in response to specific signals. Robo diversification occurs in a backdrop of distinct growth cone contexts that lead to combinatorial associations with different receptors, signaling molecules and cytoskeletal regulators. A mechanistic understanding of how growth cones navigate the complex environment they encounter during development, and how different growth cones perceive common environments to generate diverse outcomes, will require a combination of precise genetic manipulations (e.g. knock-in technology), biochemistry, and detailed analysis of growth cone dynamics of single neurons in real time.
